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Single soft-x-ray pulses of -90-electron volt (eV ) photon energy are produced 
by high-order harmonic generation with 7-femtosecond (fs), 770-nanometer 
(1.6 eV) laser pulses and are characterized by photoionizing krypton in the 
presence of the driver laser pulse. By detecting photoelectrons ejected per- 
pendicularly to the laser polarization, broadening of the photoelectron spec- 
trum due to absorption and emission of laser photons is suppressed, permitting 
the observation of a laser-induced downshift of the energy spectrum with 
sub-laser-cycle resolution in a cross correlation measurement. We measure 
isolated x-ray pulses of 1.8 (+0.7/-1.2) fs in duration, which are shorter than 
the oscillation cycle of the driving laser light (2.6 fs). Our techniques for 
generation and measurement offer sub-femtosecond resolution over a wide 
range of x-ray wavelengths, paving the way to experimental attosecond science. 
Tracing atomic processes evolving faster than the exciting light field is within 
reach. 

Ultrashort-pulse lasers constitute the fastest 
probes available for tracing transitions be- 
tween different states of matter. They allow 
measuring time intervals on a femtosecond (1 
fs = 10-l5 s) time scale and provide access 
to fundamental physical, chemical, and bio- 
logical processes on a microscopic scale in 
the time domain (I). A delayed probe pulse 
permits taking snapshots of atomic, molecu- 
lar, or condensed-matter dynamics after exci- 
tation by a pump pulse (2). Any variation of 
the state of the object under study occurring 
during excitation by the pump or illumination 
by the probe remains unresolved; hence, the 
fastest speed at which events can be followed 
is limited by the laser pulse duration. 

More than 30 years of evolution of ultra- 
short-pulse laser technology recently culminat- 
ed in the generation of laser pulses shorter than 
10 fs in the visible and near-infrared spectral 
ranges (3-9). These pulses comprise only a few 
oscillation cycles of the electromagnetic field 
and approach the ultimate limit set by the laser 
oscillation period To = A,/c, where A, is the 
laser (carrier) wavelength and c is the speed of 
light in vacuum. Several fundamental atomic 
processes such as inner-shell electronic relax- 
ation or ionization by optical tunneling, howev- 
er, take place within a fraction of the oscillation 
period of visible or near-infrared radiation and 
require very short probes for being investigated. 
Although trains of attosecond (1 as = s) 
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pulses at ultrahigh (To-' or 2To-') repetition 
rates can result from the superposition of fre- 
quency-converted coherent radiation (lG12) 
(most simply by superimposing on the driving 
field its second and third harmonic), they are of 
limited use for this purpose because of the very 
short (-1 to 2 fs) pulse intervals within the 
train. Isolated bursts of radiation on the order of 
1 fs or shorter are required to reliably trace 
these dynamics never before accessed in the 
time domain. These single bursts need to be 
carried at substantially shorter wavelengths, 
preferably in the extreme ultraviolet 0or 
x-ray regime, if bound atomic electrons are to 
be accessed in ultrafast spectroscopy. 

High-harmonic generation (1 3-1 5) using 
few-cycle pulses (16-18) is ideal for this 
purpose. High harmonics are generated by 
electrons removed from the atom by the high 
laser field and then driven back to their ion of 
origin. Because their recollision energy is 
greatest when the laser field is largest, the 
most energetic "harmonic" radiation is pro- 
duced at the peak of the laser pulse. We select 
radiation produced only within a fraction of 
the laser cycle near the peak of the pulse by 
passing the harmonics through a filter that 
transmits only the highest frequencies. This 
method has been predicted to be capable 
of generating single XUVlx-ray pulses of 
-100-as duration emitted in a collimated, 
laser-like beam (19-21). 

Whereas the key techniques for genera- 
tion have been available for several years (16, 
22), methods for temporal characterization of 
XUV and x-ray harmonics have been restrict- 
ed to bandwidths that are small compared 
with the laser photon energy fiw, . The key to -
the progress reported here is a newly devel- 
oped measurement technique. It allows mea- 

suring the duration of broadband (>ha,  ) 
x-ray pulses with sub-laser-cycle resolutio~. 
The method is intuitive, can be generalized to 
a wide range of x-ray wavelengths, and offers 
sub-femtosecond resolution. Using this tech- 
nique, we set an upper limit of 2.5 fs on the 
duration of isolated 90-eV x-ray pulses by 
our 7-fs laser-driven high-harmonic source. 

Temporal characterization of high-
order laser harmonics. There are currently 
two general approaches to pulse characteriza- 
tion being investigated. One aims to extend 
autocorrelation, developed for measuring vis- 
ible pulses, into the x-ray region. Autocorre- 
lation requires that the pulse is split into two 
replica pulses and then recombined in a non- 
linear medium where the nonlinear process is 
sensitive to their temporal overlap. Unfortu- 
nately, except at the longest wavelengths 
(23), the XUVIx-ray pulses generated by high 
harmonics are currently too weak to induce 
measurable nonlinearities of atomic media. 
Thus, although autocorrelation is conceptual- 
ly simple and well understood, so far it has 
been impossible to implement in the x-ray 
regime. Recently, Papadogiannis and co-
workers (24) proposed an interesting varia- 
tion of this concept by splitting the driving 
pulse rather than the harmonic pulse. The 
idea is that the ionizing gas, which produces 
the harmonics, can also be used as the non- 
linear medium to measure their duration (25). 
They observed attosecond sub-structures on a 
much longer (>10 fs) autoconelation feature. 
However, although this approach is experi- 
mentally simple, it is conceptually complex 
because production and measurement are in- 
tertwined (26). 

Our approach falls within a second class 
of experiments that began with the work of 
Schins and co-workers (27-31). Here the x- 
ray pulse is "cross correlated" against a short 
visible pulse. An x-ray photon excites a 
bound atomic electron into a positive-energy 
state in the presence of a laser field. Laser- 
induced transitions from this state or a laser- 
induced shift in its energy (Stark shift) pro- 
vide the nonlinearity linking the x-ray to the 
laser pulse, enabling us to compare the x-ray 
pulse duration with that of the visible pulse. 
In the experiments reported so far (27-31), a 
number of laser photons increasing rapidly 
with the laser intensity are absorbed and 
emitted by the freed electron (forced to oscil- 
late at w,). To identify the Stark shift amidst 
the resulting sidebands in the photoelectron 
energy spectrum or to measure the amplitude 
of the sidebands, the x-ray spectral width 
must be kept well below the laser photon 
energy fiw, - 1.6 eV to avoid overlap of the 
sidebands with the main peak. 

Without modification, Schins's approach 
cannot be extended to sub-laser-cycle x-ray 
pulses for two reasons. (i) If we are to mea- 
sure x-ray pulses with durations of T, < To, 
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the photoelectron energy distribution must provides insight into the basic physics and Moreover, nox >> Wb > Up implies 
become broader than the laser photon energy leads us to the optimum design of the exper- >> Up, i.e., the photoelectron energy spectrum 
so that it is no longer possible to identify iment for x-ray pulse measurement. is "smeared out" over an energy range much 
individual sidebands and measure their am- The second term on the right-hand side of broader than Up, impeding a reliable measure- 
plitudes or determine the Stark shift. (ii) If the Eq. 2 lowers the final kinetic energy of the ment of its shift of the order of Up(tJ. El-11s 
field is increased to increase the Stark shift electron by its quiver energy at the instant of ejected at 0 = 90' are special in that their 
so it becomes measurable, absorption and its "birth." This energy is transferred to the energy spectrum is hardly distorted by the 
emission of laser photons tend to smear the laser field by blue-shifting its carrier frequen- absorption and emission of laser photons, but 
photoelectron energy distribution beyond cy for fs pulse durations (37,38). The third to is just shifted by the oscillating laser field. 
redemption. fifth terms correspond to the absorption and This central finding from our simple analysis 

In what follows, we show that choosing emission of laser photons in a quantum de- is the basis for our broadband x-ray pulse 
the geometry of observation carefully and 
confining the laser field to a few oscillation 
cycles opens the door to broadband (>noL) 
x-ray pulse measurement with sub-femtosec- 
ond resolution. 

Laser-assisted lateral x-ray photoion- 
ization. To gain insight into the role of the 
observation geometry, consider the laser-as- 
sisted photoelectric effect in a semi-classical 
analysis (32-35). The electron is set free by 
an x-ray photon of energy nox at a delay time 
td with respect to the peak of the visible laser 
pulse having an i&ial kinetic energy Wo = 
mv,2/2 = nox - Wb, where Wb is the ioniza- 
tion potential of the atom, in an arbitrary 
direction. For %ox >> Wb, the strong, linearly 
polarized "probe" laser field EL(t) = Ea(t) 
cos(oLt + cp) is predominant in governing 
electron motion after ionization. In the adia- 
batic limit dE,/dt << EawL (which is a re- 
markably good approximation even for our 
7-fs pulses) the eb_uation of motion can then 
be readily integrated, yielding the connection 

between the initial (vlci) and final value (vl1,,) 
of the velocity component parallel to the laser 
polarization. Here Up(t) = e2Ea2(t)/4moL2, 
which, in the adiabatic limit, represents the 
cycle-averaged quiver energy of the electron 
(mass m and charge -e) and is commonly 
referred to as the ponderomotive energy (36). 
For the transverse component, v,+ = v,,~. 
Using these relations along with the above 
constraint on the initial kinetic energy, the 
final kinetic energy (after the laser pulse) can, 
in the limit of ox >> w,, be expressed as 

wf - wo - up(td) + up(td) c0s2wLtd 

+ 4up(td) cos20 sin20Ltd 

+ cos0 sinoLtd (2) 

where 0 is the angle of the final electron 
momentum pf with respect to the laser polar- 
ization (Fig. 1). Here, for the sake of brevity 
we assumed cp = 0. To account for x-ray 
excitation of nonzero temporal and spectral 
width, we expanded our simple analysis by a 
numerical simulation. It allows us to calcu- 
late the electron energy spectrum observed 
within a given range of observation angles 0. 
In spite of its deficiencies, however, Eq. 2 

scription. For a brief analysis, consider two 
limiting cases represented by an x-ray band- 
width much smaller or much greater' than the 
laser photon energy, respectively. The former 
condition implies 7, >> To, resulting in the 
appearance of discrete sidebands spaced by 
noL around the main peak in the photoelec- 
tron energy spectrum. This is the regime of 
previous studies (27-31). For Wo >> Up, the 
overall width of the sideband s ectrum can be 
evaluated from Eq. 2 as 2 b cos0, 
and its center .of gravity is upshifted by 
2Up(td) cos20 with respect to Wo - Up(t,J 
(the position of the main peak) due to a 
higher amplitude of Stokes (photon absorp- 
tion) as compared with anti-Stokes sidebands 
(photon emission). In this limit, both the 
ponderomotive shift Up(td) and the amplitude 
of sidebands can be accurately measured. 

In the opposite limit, for an x-ray spectral 
width larger than noL, the sidebands com- 
pletely coalesce (due to a distribution of Wo 
over a range broader than +noL), forming a 
single broad spectral feature with a width and 
center-of-gravity position as given above. 
Consequently, neither the individual. side- 
band amplitudes nor the ponderomotive shift 
can be reliably acquired from the photoelec- 
tron spectrum any longer. The ponderomo- 
tive shift tends to be fully obscured by an 
upshift in the center-of-gravity of the overall 
spectral feature (fourth term in Eq. 2). This 
upshift means a net absorption of laser pho- 
tons and is most pronounced for 0 = 0. 

measurement. 
Choosing the observation angle as 0 - 

90" (orthogonal to the laser polarization) 
eliminates the last two terms in Eq. 2 and 
thereby 'makes the ponderomotive shift 
- Up(td) clearly observable. Because Up(t) 
E:(t), measurement of the ponderomotive 
shift as a function of the delay t, yields a 
cross correlation between the temporal inten- 
sity profiles of the x-ray and laser pulses. The 
predicted oscillations in the electron energy 
shift (third term in Eq. 2) offer a sub-To/4 
probe for measuring x-ray emission charac- 
teristics on an attosecond time scale, reminis- 
cent of the concept of an optically driven 
streak camera (25, 39). These oscillations 
average out for 7, 2 Td2. 

Intuitively, the simplified dynamics (os- 
cillating downshift) can be understood as an 
impact of the laser field on the electron mo- 
mentum distribution (Fig. 1). The final x-ray 
photoelectron momentum distribution p,(0) 
gets shifted along the laser polarization, ow- 
ing to a momentum transfer that reverses its 
sign twice within a laser~oscillation period. 
This momentum transfer translates into a 
downshift in Wf for detection angles near 0 = 
90°, oscillating at 20, with its envelope fol- 
lowing Up(t,>,.i.e., the temporal intensity pro- 
file of the laser pulse. 

In this observation geometry (Fig. I), we 
confine detection to a small solid angle 
a r o ~ d  0 = 90' instead of collecting all 
electrons ejected in 271. (or   IT), as has been 

Fig. 1. Semiclassical modeling of 
laser-assisted x-ray photoioniza- 
tion. The electrons set free at 
different instants (t,, t,, t,) by 
an x-ray photon are ejected with Pf(0) 

different angle distributions of 
their final momenta pf(0) in the 
presence of a laser field. The mo- %, 
mentum laser polarization transferred translates along into the h(!Jx Eb In wo 

a downshift of the kinetic energy 
Wf of the electrons observed 
(within a small solid angle) or- 
thogonally to the laser polariza- 
tion. The variation of W, with 
the time delay between the in- 
stant of x-ray absorption and 
the peak of the laser pulse (as- 
suming an x-ray pulse duration 7, << T0/2 and observation near 0 = 90") exhibits a modulation 
at twice the laser frequency with an envelope following the temporal evolution of the laser 
intensity. For 7, > To/2, the oscillations average out (dashed line). 
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the case in all relevant experiments so far (27- 
31). In addition to the benefits discussed above, 
this geometry also helps suppress undesirable 
background resulting from electrons produced 
by multiphoton above-threshold ionization 
(ATI) by the laser field alone. Other than the 
particular observation geometry, confinement 
of the interaction to a few-laser oscillation cy- 
cles is important (i) for enhancing the pondero- 
motive downshift at low levels of AT1 back- 
ground and (ii) for a steep temporal intensity 
gradient, yielding a high "streaking" speed for 
measuring x-ray transients down to the 1-fs 
range, where the sub-Td4 probe (see third term 
in Eq. 2) comes into play. 

Apparatus for laser harmonic genera- 
tion and measurement. To exploit the poten- 
tial of the above described technique for mea- 
suring x-ray bursts with high temporal resolu- 
tion, jitter between the x-ray pulse and the laser 
pulse probing the x-rays needs to be minimized. 
This requirement can be most efficiently ful- 
filled by using the same laser pulse for gener- 
ation and measurement, which becomes feasi- 
ble because of the low levels of ionization at 
which few-cycle drivers are able to efficiently 
generate harmonics. up to the 100-eV region 
(40). As a result, an enhanced conversion 
efficiency is combined with a nearly undis- 
torted propagation of the laser pulse through 
the weakly ionizing harmonic source. This 
enables us to record high-resolution cross- 
correlations with the co-propagating, perfect- 
ly synchronized harmonic pulse by using a 
compact, highly stable delay stage. 

Fig. 2. Schematic dia- 
gram of the experi- 
mental setup. The fo- 
cused 7-fs laser beam 
fights its way through 
the walls of a metallic 
tube (diameter * 3 
mm) by ablation and 
interacts' with neon at- 
oms inside the tube to 
produce high-harmonic 
radiation. The ionizing 
neon gas streaming out 
of the tube can be 
traced because of its 
fluorescence emission 
(see photograph). The 
laser and the highly 

We focus laser pulses carried at A, = 770 
nm (fiw, * 1.6 eV) with a duration of 7 fs 
and pulse energy of 0.5 mJ delivered at a 
repetition rate of 1 kHz (22) .into a quasi- 
static neon gas cell (Fig. 2). Harmonics in the 
same geometry and under similar experimen- 
tal conditions as described in (40) are pro- 
duced up to photon energies of - 120 eV with 
a divergence angle of -0.7 mrad in the near- 
cutoff region. The co-propagating x-ray and 
laser pulses are passed through a pellicle with 
a central circular zone formed by a zirconium 
foil that is transparent for the x-rays but 
blocks laser radiation. The resulting annular 
laser beam and the concentric harmonic beam 
hit a MoISi spherical multilayer mirror 
(q,, 7 60% at 90 eV, bandwidth = 5 eV) 
consisting of two piezo-controlled concentric 
parts. The two-component mirror forms a 
compact, virtually jitter-free delay stage for 
the laser and the harmonic pulses with a 
maximum scan range of -50 fs and a reso- 
lution and reproducibility, of better than 0.1 
fs. The folding angle is kept below 5' to 
minimize astigmatism.' Spherical aberration 
gives rise to a time smearing of C0.05 fs for 
the harmonic and <1 fs for the laser beam. 
The harmonics are focused to a diameter of 
-2 pm (41), which is small compared with 
the -20-pm diameter of the focused laser 
beam, ensuring a nearly constant laser inten- 
sity in the interaction volume. The target 
atoms effuse from a 100-pm-long, 20-pm- 
wide slit aligned parallel 'to the propagation 
direction of the beams. The entrance of a 0.4-m 

Ionization - I detector 

7-fs laser 

Zr-filter 
on pellicle 

I \ 

/ 
MoISi multilayer E 

collimated x-ray beam pulse 
emerging from the in- 
teraction region within the tube co-propagate collinearly (along the axis of the emission cone) through 
a 2-m beamline toward the measurement. Differential pumping stages reduce the pressure from -4 X 

mbar in the source chamber to the range of mbar in the experimental chamber. An 
ionization detector in the higher-pressure part of the beamline serves for monitoring the spectrally 
integrated high-harmonic flux. In the beamline, the laser and harmonic beams pass through a 
200-nm-thick, 3-mm-diameter zirconium foil placed on a 5-pm-thick nitrocellulose pellicle to cover a 
hole of 2-mm diameter. The energy transported by the resulting annular laser beam can be adjusted 
with a motorized iris between a fraction of a microjoule and a few tens of microjoules. The Mo/Si 
multilayer consists of an annular part that has an outer diameter of 10 mm with a concentric hole of 
3-mm diameter hosting a miniature mirror of slightly smaller diameter. Both parts originate from the 
same substrate, ensuring identical radii of curvature (R = 70 mm). The miniature central mirror is 
mounted on a quadrant piezo stage (PZT), allowing alignment and translation with respect to the 
external part. 

timeof-flight (TOF) photoelectron spectrome- 
ter (resolution = 0.5 eV at 75 eV) with an 
acceptance angle of 0.3 srad is brought in close 
proximity (5 mrn) to the interaction volume. 
The spectrometer axis is aligned perpendicular- 
ly to the laser beam direction and to the laser 
polarization (0 = 90'). 

X-raynaser-pulse cross correlation in 
the few-cycle regime. The lowest plot (full 
line) in Fig. 3 depicts the 4p-photoelectron 
energy spectrum of krypton obtained in the 
absence of the laser field. Krypton has been 
chosen as a target because of the nearly iso- 
tropic momentum distribution of 4p electrons 
at fiw, - 90 eV photon energy (42,43). The 
shape.of the 4p spectrum is deteimined by the 
high-harmonic spectrum after reflection off 
the MoISi multilayer (the dashed line show- 
ing the spectral reflectance shifted by the 
ionization potential W, = 14.0 eV of Kr). 
The mirror'reflects harmonics H55 .and H57, 
which can be barely discriminated due to 
their coalescence. Assuming no spectral 
phase modulation, Fourier transformation of 
the spectrum yields a pulse duration of 0.4 fs 
(full width at intensity half maximum). 

To measure the x-ray pulse duration, we 
performed x-ray photoionization experi- 
ments in the presence of the few-cycle laser 
field. The laser intensity was adjusted to 
result in a maximum ponderomotive energy 
of Up = 2 eV, ensuring negligible AT1 for 
our pulse duration. Figure 3 depicts x-ray 

Kinetic energy (eV) 

Fig. 3. X-ray photoelectron spectra produced 
by 90-eV harmonics of 7-fs laser pulses in Kr in 
the presence of the laser field for different 
delays t of the x-ray pulse with respect to the 
laser The laser peak intensity at target is 
calculated from the maximum ponderomotive 
shift as -4 X loq3 W/cm2. The spectra were 
recorded over an acquisition period of 200 s by 
collecting -1500 signal counts with a minor 
background from AT1 electrons,, which were 
subtracted. The dashed line depicts the reflec- 
tivity (peak - 60%, bandwidth - 5.1 eV) of 
the Mo/Si multilayer shifted by the ionization 
potential. 
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photoelectron spectra recorded at various 
delays t, of the x-ray pulse with respect to 
the laser pulse. Comparison of the spectra 
recorded in the absence of the laser field 
and for t, = - 16 fs (no temporal overlap) 
shows little influence of space-charge ef- 
fects by AT1 electrons. 

A contour plot (Fig. 4) illustrates the evo- 
lution of the 4p spectrum of Kr for increasing 
delay of the x-ray pulse (recorded from td = 
- 16 fs to t, = 25.3 fs in 27 steps). In spite of 
the high laser peak intensity, the x-ray 
photoelectron spectrum remains "intact" 
throughout the region of temporal overlap 
between the laser pulse and the x-ray pulse. 
Eq. 2 reveals that this is a direct consequence 
of our specific observation geometry. Under 
our experimental conditions, the photoelec- 
tron spectrum would be broadened to cover a 
range of 2 d 8  WoUp(td = 0) - 60 eV in a 2.rr 
(or 4.rr) detection geometry (27-31). By con- 
trast, in our lateral (8 - 90") observation 
geometry the effective broadening amounts 
to merely a few eV (caused by the finite 
detection solid angle). As a result, a down- 
shift on the order of Up - 2 eV is clearly 
discernible. A notable shift of the center of 
gravity is confined to a delay range of less 
than 10 fs and accompanied by some (asym- 
metric) broadening. This becomes evident 
from the white iso-spectral-density lines or 
from a comparison of the broadened spectra 
recorded at the slope (td = -4.3 fs) and at the 
peak (t, = -0.7 fs), respectively, with a 
spectrum well before the arrival of the laser 
pulse (t, = -16 fs) in Fig. 3. These obser- 
vations are in excellent agreement with sim- 
ulations based on our semiclassical model 
and performed for finite x-ray pulse duration 
and bandwidth. 

X-ray pulses with sub-laser-cycle du- 
ration. For a quantitative analysis, we eval- 
uated the first-order moments (center of 
gravity) of the measured photoelectron 
spectra as a function of t, (Fig. 5). Accord- 

Fig. 4. Contour plot of the evolution 
of the 4p spectrum of Kr comprising 
28 spectra recorded within the de- 20 
picted range of delay time between 
the x-ray and laser pulse. Blue, low- 
spectral electron density; red, high- 10 
spectral electron density: whit&, 
iso-spectral-density lines. Typically, 
1000 to  1500 counts contributed to  
the spectra, which were renormal- 
ized to  a constant area for the con- 
tour diagram. I t  took approximately 
2 hours to  acquire the data used for -10 
this plot. For delays t > 5 fs, a 
gradual spectral redistrhution of x- 
ray energy in favor of H57 occurs 
due to  laser energy drift-induced 
minor shift in the harmonic peak 

ing to Eq. 2, the center-of-gravity shift with 
varying delay t, displays directly the evo- 
lution of the ponderomotive energy Up dur- 
ing the laser pulse. Assuming the laser 
pulse as bandwidth-limited at the entrance 
of the high-harmonic target, we simulated 
the propagation of the 7-fs pulses with an 
initial peak intensity of 7 X 1014 W/cm2 
through the neon target (44). The initial 
pulse shape is obtained by inverse Fourier- 
transformation from the measured pulse 
spectrum. The ionizing target becomes 
somewhat dispersive for the peak and trail- 
ing edge of the pulse, resulting in a pulse- 
broadening to. -7.5 fs. However, because 
ionization is virtually confined to a single 
cycle near the pulse peak, the leading edge 
is hardly affected by dispersion in the har- 
monic source, constituting a steep probe 
(rise time 7, = 5 fs) for the x-ray temporal 
intensity profile. 

The laser "probe" obtained from this nu- 
merical analysis is idealized in that it has a 
rise time 7, equal to its theoretical limit. To 
obtain a conservative upper limit on the x-ray 
pulse duration, we first convolve this ideal- 
ized probe with a hypothetical x-ray pulse 
obtained by inverse Fourier transformation of 
the lowest spectrum shown in Fig. 3, allow- 
ing for an adjustable quadratic spectral phase 
(as a fit parameter) that determines the x-ray 
pulse duration 7,. The solid line in Fig. 5 
represents the best fit to the measured data, 
obtained from a convolution of a 2.4-fs x-ray 
pulse with the idealized probe. For a realistic 
rise time of the laser pulse front increased by 
87,, this value is to be corrected by 87, - 
-(7,/7,)87,. With a conservative estimate of 
ST, .r 0.3 fs from inspection of the most 
prominent pulse-broadening effects (spheri- 
cal aberration and nonlinear spectral phase) 
and an F-stat goodness-of-fit analysis of the 
cross-correlation (Fig. 5), we obtain 7, = 1.8 
(+0.7/-1.2) fs full width at intensity half 
maximum (FWHM) (45). 

Photoelectron energy (eV) 
positions with respect to  the (steep) edges, of the Mo/Si mirror reflectance curve (Fig. 3). This is 
caused by a drift of the laser pulse energy as small as a few percent, which can not be avoided on 
a time scale of hours. 

This result has been corroborated by trac- 
ing the evolution of the low-energy electron 
yield as a function of the delay t, between the 
x-ray pulse and the laser pulse. Numerical 
simulations based on our semi-classical anal- 
ysis of laser-assisted x-ray photoionization 
predict this signal to be "switched on" some- 
what faster than the rise time of the front edge 
of the laser pulse because of a finite threshold 
intensity needed for the production of these 
electrons. The shorter rise time offers a probe 
with enhanced resolution for x-ray pulse 
measurements. The evaluation of the electron 
yield (Fig. 6) with W, 5 71 eV as a function 
of td by fitting an error function to the data 
results in rise times of 3.1 2 0.6 fs and 2.9 2 
0.5 fs, respectively. The error-function fit is 
consistent with a Gaussian-like x-ray pulse 
profile and a steep probe function with a rise 
time comparable to or shorter than the pulse 
duration. Deconvolution yields an upper limit 
of -2 fs on the x-ray pulse duration, in fair 
agreement with the above result. 

Current limitations and future chal- 
lenges. There are several predictions suggest- 
ing that isolated XW/x-ray pulses in the 
range of 100 as can be generated (18-21,46). 
However, before these pulses become avail- 
able for experiments, a few problems need 
solving. 

First, we need a reliable and simple meth- 
od of measuring the temporal structure of 
broadband x-ray emission with a resolution 
of approximately 0.1 fs. We believe that the 
technique introduced in this paper is capable 
of solving this problem with the sub-To/4 
probes that originate from the predicted os- 
cillations in the electron energy shift (Fig. 1, 
Eq. 2). However, both the measurement (47) 

Delay (fs) 

Fig. 5. Center of gravity of the measured Kr 4p 
spectra (squares) as a function of the x-ray 
pulse delay. Line corresponds to  .the intensity 
envelope correlation function of the 90-eV x- 
ray pulse and the driving laser pulse, best fit t o  
the leading edge (-10 fs t, 0) data 
obtained with an x-ray pulse of T, = 2.4 fs in 
duration. The intensity envelope of the laser 
pulse was computed assuming the absence of 
pulse-broadening effects other than dispersion 
introduced by the ionizing harmonic source. 
The observed post-pulsing is a consequence of 
a small residual spectral phase carried by the 
intial laser pulse (54), which is neglected in our 
modeling. 
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and the generation (48) technique demon- 
strated here need to be improved to permit 
reliable attosecond metrology. Lastly, im- 
proved characterization and control of strong 
laser pulses is required for achieving this 
objective. Because attosecond pulses are gen- 
erated by sub-period dynamics from a visible 
pulse, the optical pulse field must be con- 
trolled on a sub-period scale. That is, we 
require the optical oscillations to fit reproduc- 
ibly (with attosecond precision) within the 
pulse envelope for the generation of single 
attosecond pulses with reproducible ampli- 
tude and timing. Technically, the canier- 
envelope phase [denoted by cp in the expres- 
sion of E,(t)] must be controlled, or at least 
known. Carrier-envelope phase control (49- 
51) with sub-cycle precision (52) has been 
demonstrated for low-energy pulse trains. 
Amplification of these pulses with low jitter 
of cp and subsequent accurate single-shot 
measurement of cp for the intense laser pulses 
(53) is another prerequisite for the develop- 
ment of attosecond metrology. 

In conclusion, we believe that the. experi- 
mental techniques are now available for mea- 
suring sub-light-cycle dynamics. The single at- 
tosecond x-ray pulses that will be generated 
will open a new chapter in ultrafast spectrosco- 
py. Just as femtosecond pulses allow the obser- 
vation of the motion of atoms in molecules, 
attosecond pulses will allow us to trace elec- 
tronic motion and electronic relaxation (such as 
inner-shell dynamics) in atoms and molecules. 
In addition, attosecond science will have strong, 
phased laser fields perfectly synchronized with 
the attosecond pulse. The laser fields will be 
strong enough and well-enough controlled to 
govern electron dynamics (in fact, this is how 
high harmonics are produced), and well-enough 
synchronized to attosecond pulses to allow sub- 
laser-cycle measurements. Studying strong- 
field electron dynamics (such as optical-field 

-10 -5 0 
Delay (fs) 

Fig. 6. Electron yield at the low-energy tail of 
the 4p spectrum obtained on different days and 
under slightly different conditions within the 
enerj?y interval of 68 to 71 eV (open squares) 
and of 64 to  71 eV (solid circles) versus delay 
time t, between x-ray and laser pulse. The 
corresponding lines represent error-function 
fits to  the measured data, yielding a rise time of 
3.1 + 0.6 fs and 2.9 -C 0.5 fs, respectively. 

ionization) and controlling these processes will 
be a forefront of attosecond science. 
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